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ABSTRACT
A Methodology for Verification of Structural Standards for a Seating System by Finite Element
Analysis
Zachary Kelly Dworaczyk Wiltshire

Currently California Polytechnic State University has a patent pending on a new type of
seating system designed to increase the functionality of public transportation vehicles. The patent
is based on the work completed by a senior project group in 2016, whose design showcased the
feasibility of the idea. Further development was completed by a second senior project group, the
Adjustable Seating Systems, in 2019. The intent of the Adjustable Seating Systems group was to
develop a seating system with the intent of commercialization and implementation in paratransit
vehicles with future development into large buses and trains.
Seating systems used in public transportation are required to meet strict geometric and
structural standards by the federal government under FMVSS 207, 208, 209 and 210 to be
comfortable and protect the passenger in a wide variety of situations. Included in these standards
are quasi-static and dynamic tests developed to simulate the loading conditions of a crash event.
Seating systems must be able to withstand the loading conditions with no obvious signs of failure
to ensure the safety of the passengers.
The work of this thesis was to simulate the loading conditions outlined by the safety
standards on the design developed by the Adjustable Seating Systems group using finite element
analysis. The results confirm the seating system meets the required safety standards. The largest
stresses induced in the system are between the yield stress and ultimate stress of the material,
indicating plastic deformation without failure due to fracture.
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1
1.1

INTRODUCTION

Background
The use of public transportation in the United States has been increasing since the early 19th

century. Passengers use public transportation for a combination of both business and personal
objectives. Therefore, the area inside the cabin or bus needs to be maximized for efficiency for
both the passenger and the operating business while remaining safe for all parties involved.
The configuration of the area inside the cabin of these vehicles controls the functionality of
the vehicle. The cabin can be designed to accommodate the most passengers by maximizing the
number of seats. Or, the cabin can be designed for maximum storage; by reducing the number of
seats, the free space increases and more cargo can be stored. Generally, current seating systems
used in public transportation vehicles are stationary relative to the vehicle and cannot be moved
to accommodate various seating and cargo arrangements. This type of system makes passenger
seating and free cargo space mutually exclusive. However, an adjustable and nestable seat system
that can move throughout the cabin increases the ways in which the available space can be used.
The number of seats inside the vehicle can remain the same as that of the stationary seats to
accommodate the maximum number of passengers, as shown in Figure 1.1 (a). However, when
not in use, the seats can be nested together and stored at the fore or aft of the vehicle as seen in
Figure 1.1 (b), and the free space can be used for transportation of bulky items. A nestable seat
increases the useability of public transportation for both the passengers and the
owners/operators.
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(a) Maximum seating capacity

(b) Mixed seating and cargo room

Figure 1.1 Nesting Seat Capabilities

The idea for a nestable seating system was first conceptualized by Ritch Hollingsworth of
LTK engineering. After LTK sponsored a senior project group to work on the seating system, LTK
signed the rights over to the Cal Poly University. Since then a patent application has been filed
and an additional senior project group has worked on the design of the seating system.
Trainterior’s, the first group to work on the project, had an overall goal of proving the
feasibility of the idea by showing the basic motion. The team achieved proof of concept and from
their results a patent application was filed. At the time of this thesis, the application is still being
processed. The second senior project group he Adjustable Seating System group, took the results
from Trainterior’s work and further developed the idea. Their goal was to create a functional,
esthetically pleasing design that meets the requirements of the applicable safety standards for the
purpose of licensing the idea to current manufacturers. The design and motion of the system
developed by the Adjustable Seating System team can be seen in Figure 1.2

2

Figure 1.2 The Adjustable Seating Systems Nestable Seat Design

In order to protect passengers in the event of a crash, the Department of Transportation,
in combination with the Society of Automotive Engineers, implement standards that the seat
must meet or exceed. These standards outline a series of quasi-static force loads that must be
applied to the seat frame without inducing failure in order to verify the structural integrity of the
seat frame and components. In addition, these tests include dynamic sled tests used to simulate
a crash scenario. Before any seating system can be implemented into a passenger vehicle, the seat
system must meet these requirements.
Design at any level is an iterative process, and developing a nesting seat system that is
comfortable, easy to operate, nests easily, and meets the required safety standards, can be a costly
endeavor. If the seat fails the required load testing, the seat would need to be redesigned and the
whole process would be repeated. Analyzing the seating system under the loads using computer
modeling techniques can help to reduce these preliminary iterations and can further be used to
simulate a crash scenario. Numerical modeling of the system known as Finite Element Analysis
was used to simulate the loading conditions that are outlined by the federal safety regulations.

3

1.1

Literature Review
The use of public transportation in the United States has increased dramatically in the past

three decades. In 1990, passengers used public transportation to take approximately 9 billion trips
and that has increased to over 10 billion in 2015 [1] [2]. Passenger’s use public transportation for
a wide array of objectives and activities. The most significant is for work; in the United States,
44% of bus passengers use the bus to go to and from work [1]. With approximately half of all
public transportation riders using the system to get to and from work, it’s clear that most of the
passengers will use the bus multiple days a week and of all bus passengers, 47% use the system
5 days a week.
Passengers not using the bus for work use the bus for other activities including shopping,
recreational/social activities, school, health appointments and other objectives. Out of all public
transportation, 79% of passengers are between the ages of 25-54 and, according to the Bureau of
Labor statistics, individuals in this age group have the largest income and spend the most on
entertainment including, camping, biking and physically challenging activities [3]. Activities
such as these require an assortment of equipment that can take up a wide range of space inside
the cabin of the vehicle. To maximize the convenience of public transportation for the passenger,
the space inside the cabin of the vehicle or train must be useable for a wide variety of luggage.
The first design iteration of the seat system targeted implementation in paratransit buses.
Paratransit buses are assembled using manufactured components from multiple companies; the
chassis is manufactured by either Ford, Chevrolet, or International, and then the body is
manufactured to fit onto these specific chassis by a separate company. Paratransit vehicles are
commonly referred to as body-on-chassis or cutaway vehicles and used in fixed route, semi-fixed
4

route or demand response applications. Depending on the size of the vehicle, they can
accommodate between 16-28 passengers, if the vehicle is not equipped for wheelchair access.
However, these types of vehicles are generally wheelchair accessible which requires a minimum
of eight seats to be removed; four for the wheelchair lift and four for each wheelchair tie down
position. These types of vehicles can be used in a wide range of applications, which is why they
account for 20% of vehicles used for public transportation in the United States [4]. This offers a
large market for the seat system to be implemented, with subsequent design iterations being
focused into additional areas of transportation including large buses and rail systems.
By implementing a new seating system which is comfortable for the passenger and can nest
at the fore or aft of the bus, the space inside the vehicle can be used for a wider range of situations,
increasing the utility of public transportation. The success of the configurable seating
arrangement is dependent on the convenience, ease of use and adaptability it offers to the
passengers.

1.1.1

Safety Regulations
The focus of this design and thesis is for implementation of the seating system into

vehicles whose primary focus is public transportation, including buses and trains. All of these
vehicle types have their own safety and design standards. Due to its high usage for public
transportation and relatively low free space, as a starting point the initial phase of the seating
system is designed for implementation into buses. More specifically paratransit vehicles, as this
type of vehicle is highly utilized and can benefit the most from this seating system.

5

For bus and paratransit vehicles, federal standards for seating arrangements exist;
additionally, state-imposed standards and regulations are in place depending on the operating
location of the vehicle. Federal guidelines regarding vehicle safety and standards are regulated
and enforced by the United States Department of Transportation (DOT) [5]. These standards fall
under two separate agencies the National Highway Traffic Safety Administration (NHTSA) and
The Federal Motor Carrier Safety Administration (FMCSA) [5]. The primary responsibility of the
FMCSA is to regulate the business and operating procedures that carriers must be adhere to, in
order to protect the passengers, drivers and cargo associated with transportation [6] Whereas,
NHTSA is responsible for the for the interaction between users and the vehicles. This includes
research, safety standard implementation and enforcement of equipment used in passenger cars,
buses, and commercial vehicles [7].
Under the authority of the NHTSA the federal government establishes and enforces safety
standards for motor vehicles codified in the Federal Vehicle Safety Standards (FMVSS) [8]. The
standards that pertain to seat systems depend on the classification, size and date of manufacture
of the vehicle. The size is dependent on the vehicle’s Gross Vehicle Weight (GVWR), which is
defined as the maximum weight of the vehicle when fully loaded with maximum passengers,
cargo and fluids, as specified by the manufacturer. A vehicle is classified as a bus if it is designed
to carrying more than 10 persons. However, if it is designed to carry less than 10 and constructed
on a truck chassis the vehicle can be categorized as a multipurpose passenger vehicle [9].
Paratransit vehicles fall under both of these categories depending on the number of seats inside
the vehicle. Even if the vehicle can seat 18 passengers, classifying it as a bus, but is then converted
to include wheelchair access, eight of the seats will eliminated, implying that it will qualify as a
6

multipurpose passenger vehicle. The weight of each bus depends on the model and the seating
capacity; paratransit vehicles can have a GVWR ranging from 9,000lb to over 26,000lbs. In
addition, since the seat system will most likely be implemented into new vehicles, the standards
used for the testing in this thesis will be based off of multipurpose passenger vehicles with a
GVWR over 10,000lbs which have been manufactured on or after September 1, 1990.
For a newly manufactured vehicle that meets the definition of a multipurpose passenger
vehicle and has a GVWR over 10,000lbs, the seat systems must conform to the standards outlined
in Title 49, subtitle III, Chapter B, Part 393 of the FMVSS 207,208, 209, 210, and 302 of the FMVSS
[9] [10]. FMVSS 207, 208, and 210 include quasi-static and dynamic tests that are used to verify
the structural integrity of the system in the event of a crash, whereas 209 and 302 outline general
requirements for the materials and design of the seating system.

1.1.1.1

FMVSS 207
FMVSS 207 outlines the safety standards associated with the design of the seating system.

Dynamic crash analysis is difficult to replicate reliably, therefore safety standard 207 simplifies
the requirements to four main quasi-static load requirements. All seat systems must be locked in
place from a self-locking device while undergoing the tests outlined below:
1. According to S4.2 (a) the seat system must be capable of withstanding a force in
the forward direction equal to 20 times the weight of the system, in any position
the seat can be adjusted as can be seen in Figure 1.3 [11]. This test, as well as S4.2
(b and c) are to simulate the inertial loading during a crash scenario.
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2. S4.2 (b) states that the seat system must be capable of withstanding a force in the
rearward direction equal to 20 times the weight of the system, in any position the
seat can be adjusted as can be seen Figure 1.3.
Note: According to S5.1.1 the location of the applied force depends on the location
of the center of gravity of the seat. If the center of gravity of the seat is above the
seat adjuster, then manufacturer can choose for the force to be applied in
accordance with either S5.1.1 (b) or S5.1.1 (c).
3. According to S4.2 (c) for a seat belt assembly attached to the seat and for a forwardfacing seat the forces outlined in S4.2 of FMVSS 210 must be simultaneously
applied as the forces outlined in S4.2 (a) of FMVSS 207.
4. According to S4.2. (d) in each position the seating system allows, a 3,300lb-in
moment applied about the seating reference point as shown in Figure 1.4. This test
is conducted to simulate occupant loading of the seating system under normal
operating conditions.

Figure 1.3 Longitudinal Forces [11]
8

Figure 1.4 Applied Moment [11]

1.1.1.2

FMVSS 208

FMVSS 208 outlines additional occupant safety standards which are specific to the type of
vehicle. Their type is dependent on their, size, weight, functionality, and purpose of the vehicle.
For a multipurpose passenger vehicle built on or after September 1, 1990, shall meet the
requirements of S4.3.2.1 or S4.3.2.2 [12].
1. S4.3.2.1 the vehicle shall meet the requirements of S5 without any action by the
vehicle occupants. [12].
2. S4.3.2.2 – each designated seating position within the vehicle will be equipped
with either a Type 1 (pelvic belt) or a Type 2 belt assembly (pelvic and upper torso
belt). Each of these seat belt assemblies shall meet the requirements of FMVSS 209.
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Section S5 of FMVSS 208 outlines dynamic crash testing requirements that seat systems
must undergo to verify their structural integrity in the event of a crash. In the standard there are
three tests which simulate: frontal impact crash, lateral moving barrier crash and rollover crash
situations. In addition, the standard establishes the maximum injury criteria that the
anthropomorphic dummy must withstand, which is calculated from data received from
accelerometers and load cells within the dummy. These tests are not required for all vehicle types
for passenger vehicles the tests are required, however for paratransit vehicles including buses
and multipurpose vehicles these tests are not required if the requirements of standard outlined
in S4.3.2.2. is met. However, for future incorporation into a wider range of vehicles these tests
will need to be conducted.
For the frontal impact crash test (S5.1) the standard includes procedures and
requirements for testing the seating system under two conditions: the passenger belted to the seat
and the passenger in an unbelted situation. These tests can be conducted using a dynamic sled
test assembly. Sled testing is the act of simulating a dynamic crash event in a controlled
environment. Sled testing allows engineers to test seating systems, under a dynamic crash event
to prevent the system from failing and potentially hurting the passenger. Using this technique,
the same tests can be repeated with a high degree of precision, without the cost of a full scale
crash test, allowing for a refinement of the designs of the seat system and all components
involved.
The test simulates a head on crash into a rigid barrier. The test conditions include an initial
velocity of 48 km/h (30 mph), with a maximum deceleration of 18.2g’s. The acceleration curve can
be seen in Figure 1.5 Acceleration curve. The seat is loaded with a Hybrid III dummy which is
10

used to simulate the loading of a 50th percentile male passenger. Since the focus of the analysis is
on the structural integrity of the seat frame and the paratransit vehicles have a GVWR of over
8,500lb the belted test will be simulated using the 50th percentile male dummy.
Both the rollover test and side impact crash test (S5.2 and S5.3) do not use a sled test and
involve using the entire vehicle to simulate the crash events. Simulating these events in FEA
drastically increase the complexity of the model and are dependent on each vehicle. Therefore,
for this thesis the belted test outlined in S5.1 will be simulated.

Figure 1.5 Acceleration curve [12]
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1.1.1.3

FMVSS 209
FMVSS 209 outlines the safety and strength requirements for seat belt assemblies,

including webbing breaking strength, elongation, abrasion, corrosion and light resistances [13].
A summarization of the main points are:
1. Seat belt assemblies shall be designed and used by only one passenger [13].
2. All hardware on seat belt assemblies shall be free from burrs and sharp edges.
3. Seat belt assemblies shall be adjustable to accommodate for an adult with
biometric data between the 5th percentile woman and 95th percentile man, which
can be seen in Table 1.1.
4. The minimum width of the webbing shall not be less than 46mm.
5. The attachment hardware, including eye or shoulder bolts, shall be of a standard
7/16-20UNF-2B or ½ -UNF-2B or equivalent metric standard.
6. The steel plate used for attachment hardware must have a minimum thickness of
10mm.
Table 1.1 Biometric design data for passenger seating [13]
5th Percentile
Adult
Female
Weight
46.3 kg
Erect Sitting Height
785 mm
Hip Breadth (sitting)
325 mm
Hip
Circumference 925 mm
(sitting)
Waist
Circumference 599 mm
(sitting)
Chest Depth
190 mm
Chest
Nipple 775 mm
Circumference Upper 757 mm
Lower
676 mm
12

50th
Percentile
Adult Male
74 kg
907 mm
373 mm
1067 mm

95th
Percentile
Adult Male
97.5 kg
965 mm
419 mm
1199 mm

813 mm

1080 mm

267 mm
N/A
1130 mm
N/A

267 mm
1130 mm
1130 mm
1130 mm

1.1.1.4

FMVSS 210
FMVSS 210 establishes the requirements for seat belt assembly anchorages for effective

restraint and to reduce the probability of failure [14]. The standards include strength tests, as well
as the required position of the seat belt anchorage.
1. According to S4.3.1.1 (b) if the seat belt is an adjustable seat, then a line from a
point 64mm forward of and 10mm above the seating reference point to the nearest
contact point of the belt with the anchorage shall extend forward from the
anchorage at angle with the horizontal between 30-75 degrees. This can be seen in
Figure 1 [14].
2. According to S5.1 of FMVSS 210 a 22,241N (5,000lb), will be applied at in the
forward longitudinal direction for forward facing seats, and with an initial force
application angle between 5-15° to the horizontal plane.
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Figure 1.6 Seat Belt Anchorage Positions [14].

1.1.1.5

FMVSS 302
FMVSS 302 establishes the requirements for the burn rate of materials inside occupant

compartments in vehicles [15]. The requirement applies to passenger cars, multipurpose vehicles,
trucks and buses [15]. The focus of this thesis is on the structural integrity of the frame of the seat,
and the parts will be manufactured from materials which have already been certified to meet
these standards.
Note: This is a simple summation of the safety standards, full versions of can be accessed
through the NHTSA website.
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1.2

Scope of Thesis
Seating systems used in public transportation applications need to meet a variety of safety

standards including structural requirements. The scope of this thesis is to develop a procedure
for determining whether the design of the seat system created by the Adjustable Seating Systems
team meets the structural standards for paratransit vehicles which meet the definition of a
multipurpose vehicle with a GVWR of over 10,000lb outlined by the FMVSS. This thesis focuses
on the structural integrity of the system, and therefore will focus on the quasi-static and dynamic
tests outlined in FMVSS 207, 208 and 210. The requirements set forth by FMVSS 209 and 302 will
be omitted from this analysis, as well as the rollover and lateral test simulations.
The analysis will be broken down into four separate case studies.
•

Case 1 - Combined forward longitudinal quasi-static loading with seat belt load

•

Case 2 – Rearward longitudinal quasi-static loading

•

Case 3 - Applied moment, quasi-static loading

•

Case 4 - Longitudinal dynamic testing (~20g deceleration)

The tests will be simulated using numerical analysis techniques by means of the finite
element software Abaqus. According to the laboratory test procedures for FMVSS 207, there are
several reasons the test will be considered a failure, seen in Table 1.2.
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Table 1.2 Possible Reasons for Failure of a Seat [16]
No. Possible Failure
1.
Folding Seat Back Restraining Device releases from its preset
position during application of forward load.
2.
Seat Frame releases from its adjusted position during the
application of a forward or rearward load.
3.
Seat Frame or Seat Adjusters detach from the test vehicle
floor pan during the application of a forward or rearward
load.
4.
Seat Frame detaches from the Seat Adjuster mechanism
during the application of a forward or rearward load.
5.
Seat Adjuster mechanism separates during the application of
a forward or rearward load.
6.
Hinged Seat Restraining Device detaches from the Seat
Frame during the application of a forward or rearward load.
7.
Hinged Seat Restraining Device disengages during the
application of a forward or rearward load.
8.
Rear Seat Back or Cushion Frame detaches from the test
vehicle structure during the application of the specified load.

In order to analyze the seat system for failure in the FEA model, the focus will be on the Von
Mises stress and comparing that to the ultimate stress of the material. In a crash scenario some
permanent deformation is not considered a failure, however if the frame was to breaks or
separates, the test would be considered a failure. By analyzing the FEA model maximum Von
Mises stress and plastic strain induced in the seat assembly, possible failure of the seating system
can be determined. The results of this thesis will be used to complete two main objectives:
1. Verify structural adequacy of the main frame components
2. Determine resulting forces on major components
In addition, the results from this analysis will be used to recommend changes to the next
iteration of design for this seat system and assist in the licensing of this design by proving through
simulation the frame meets the structural standards of the FMVSS.
16

2
2.1

FINITE ELEMENT METHODS

Basics
As engineering problems become more complex, the solutions and analysis become more

challenging and involved as well. These complex problems become too difficult or impossible to
solve using traditional analytical methods, by using FEA, an approximate solution can be
calculated. FEA solves complex problems by replacing the complicated problem with a simplified
version. The negative impact from this simplification is that the solution only approximates the
true solution; however, using appropriate refinement techniques the approximation solution can
converge toward the real solution. Traditionally this process was developed for stress analysis,
however this same process can be used for problems involving heat transfer, fluid flow,
lubrication, electric and magnetic fields [17]. For this explanation and thesis, the focus will be on
stress analysis.
FEA is the process of discretizing the structure space into many smaller subspaces called
elements [18]. Where these elements connect are called nodes; at the nodes, equations are written
that relate their displacements to the surrounding nodes. Each node has a certain number of
Degree of Freedoms (DOF) associated with it. DOF’s are the directions which the node can move;
the maximum number of DOF per node is six, translation in the local x, y and z coordinates as
well rotation about the same axes. The number of DOF’s vary with each node and depend on the
problem that is being analyzed and element/analysis type.
An example of the discretization method can be seen in Figure 2.1. The geometry of the
problem makes it difficult for typical analytical analysis to be used to evaluate the stress and
strain induced in the system. In addition, the hole in the plate introduces a stress concentration.
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Typically, problems involving stress concentration are analyzed by including a stress
concentration factor to the analytical analysis which is based off geometry and correlated to
testing results. Using FEA the plate is broken up into a number of elements; as the element size
decreases, the number of nodes increases and the solution to the system will converge to the true
solution.

(a) Plate Example

(b) Discretization of Plate

Figure 2.1 Finite Element Discretization

The displacement field of each element is governed by the combination of four equation
types: equilibrium, compatibility, boundary conditions and the stress-strain relationship [17].
The combination of these equations creates a system of equations which can be simultaneously
solved for the displacement field. Equilibrium applied to each element is the summation of the
surface forces and body forces. Body forces are attributed to gravity and magnetic fields, etc.
whereas the surfaces forces arise from the stresses along the edge of the element [17]. Although
equilibrium implies no inertial forces, i.e. no acceleration, the same condition can be used for
dynamic problems in which the acceleration is included as a body force [17]. The compatibility
condition allows the displacement of each element to be related to its neighboring elements,
which forces the overall displacement field to be continuous [17]. Put simply, the compatibility
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condition states that for a body deforming without breaking, no cracking, separation or material
overlap appears. This allows for the equations to be assembled into global matrices and solved
simultaneously. As the size of each element decreases, the number of nodes increases and the
total number of DOF increases, therefore the number of equations and simultaneous calculations
increase as well. Boundary conditions are explicitly prescribed motion of the displacement and
stress at specific points [17]; these are dependent on the problem being solved and directly affect
the stress and strains throughout the model.
In order to relate the displacements, strains, and stresses, an additional condition needs to
be included. The work energy from the applied load causing a displacement of the member is
converted into the material’s molecular bonds in the form of potential energy which is referred
to as strain energy [19]. The deformation caused by the loading is referred to as strain. Stress in
a member is related to internal strain by the material’s stiffness; for a homogenous, isotropic
material this is a function of the modulus of elasticity and Poisson’s ratio. Since the localized
stress and strain are related to the displacement, once the displacement is determined, the stress
and strain can then be calculated. The equilibrium, compatibility, boundary conditions, and
stress-strain relationships can be applied to relate the DOF of each node to the applied forces. The
result of these equations is the nodal displacements, from which the stress and strain in each
element will be calculated.
For problems in which the acceleration is negligible the displacement of the nodes is
dependent solely on its spatial relationship to its neighboring nodes, the applied forces or
displacements and independent of time. Strain is the partial derivative of the displacement shown
in Equation (1) where ϵ is the strain, D is the displacement vector and Ϭ is the partial derivative
19

operator. Therefore, the equations that are simultaneously solved in FEA are partial differential
equations with specific boundary conditions.
{𝜖} = [Ϭ]{𝐷}

(1)

This type of analyses is called Boundary Value Problems (BVP’s), which is a combination of
partial differential equations with explicit boundary conditions which result in a unique solution.
For dynamic problems in which the system is accelerating, the displacement of the nodes is
dependent on the spatial relationship between the other nodes, the applied forces and time. For
these systems the initial conditions of system are defined, i.e. initial position, velocity and
acceleration. This type of analysis is dependent on time and referred to as an Initial Value Problem
(IVP). The power of FEA is its ability to solve complex quasi-static and dynamic loading
problems.

1.1. Boundary Value Problems
Quasi-static loading occurs when the inertial effects due to the applied loads are negligible.
This occurs when the system is undergoing zero acceleration therefore the velocity remains
constant. In this case the seating system remains at rest, the loads are applied gradually to keep
the system in static equilibrium.
For a quasi-static analysis in FEA the elements are modeled similar to springs; if a force is
applied the displacement will be proportional to the stiffness of the element. Where the stiffness
of the elements is determined using either the Equilibrium, Direct Stiffness, Energy Method or
Weighted Residuals Methods [17]. With a discretized object, each element has its own stiffness,
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and each node has its own DOF. Relating all the equations together using the continuity
relationship results in Equation (2) .
[𝐾]{𝐷} = {𝑅}

(2)

Where K is the element stiffness matrix, D is the displacement vector, and R is the nodal reaction
and applied forces. The element stiffness matrix is an n x n matrix where n is the number of
degrees of freedom in the system. The element stiffness matrix is a function of the geometry of
the part, as well as the material’s stiffness. For an isotropic material undergoing purely elastic
deformation there is assumed to be a linear relationship between the stress and strain of the
material. This is referring to Region I of the stress strain curve in Figure 2.2. The relationship
between stress and strain is the modulus of elasticity of the material or Young’s Modulus, which
is the slope of the curve in Region I of Figure 2.2.

Region I

Region II

Figure 2.2 Stress Strain Curve for an Arbitrary Isotropic Material [19]
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If the stress in the part exceeds the yield stress of the material, the deformation is no longer
elastic and the relationship between stress and strain is no longer linear. The stress strain curve
for stress beyond the yield stress can be visualized in Region II of Figure 2.2 Stress Strain Curve
for an Arbitrary Isotropic Material. To model this reaction the stiffness matrix is altered and
defined in Equation (3). Where K0 is a constant and KN is dependent on the deformation [17].
[𝐾] = [𝐾0 + 𝐾𝑁 ]

(3)

Using Equation (2) and Equation (3) together the deformation of the part can be calculated.
However, the equations must be solved using iterative methods since KN is a function of the
deformation. Using Equations (2) and (3) the system of equations becomes Equation (4) where
{RA} is the actual nodal forces which is a system of nonlinear equations.
[𝐾0 + 𝐾𝑁 ]{𝐷} = {𝑅𝐴 }

(4)

Abaqus uses multiple different iteration techniques depending on the parameters of the problem
being solved. However, Abaqus generally uses the Newton-Raphson method for solving the
quasi-static nonlinear system of equations. The Newton-Raphson method linearizes the change
in the material stiffness as a function of displacement by calculating the tangential stiffness using
Equation (5), which is derived from the Taylor series expansions of {R} as a function of {D} [17].
Since this method is an iterative process, the subscript j refers to the iterative step. The process
begins with an initial guess for the displacement field {D}1, from which [Kt]1 is calculated using
Equation (5).
𝑑

[𝐾𝑡 ]𝑗+1 = [𝐾0 ] +
([𝐾𝑁 ∗ {𝐷}𝑗+1 )
𝑑{𝐷}
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(5)

Then using [Kt]1 the imbalance in the displacement and force matrices is calculated using
Equation (6) . This process seeks to reduce the {∆𝐷} and {∆𝑅} to zero. If both of these matrices are
not zero a new displacement field is calculated using Equation (7) and the process is repeated
until the load and displacement imbalances approach zero. Once the load and displacement
imbalances approach zero, the system is converged and the values for stress, elastic strain, and
plastic strain can be computed.

[𝐾𝑡 ]𝑗 ({𝐷𝐵 }𝑗+1 − {𝐷𝐴 }𝑗+1 ) = ({𝑅𝐵 }𝑗+1 − {𝑅𝐴 }𝑗+1 )
-or-

(6)

[𝐾𝑡 ]𝑗 {∆𝐷}𝑗+1 = {∆𝑅}𝑗+1
{𝐷𝐵 }𝑗+1 = {𝐷𝐵 }𝑗 + {∆𝐷}𝑗+1

(7)

1.2. Initial Value Problems
For problems in which acceleration is non-zero, the deformation and loads are changing
with respect to time. The equations of motion of each element are assembled into a matrix which
has acceleration, velocity, and displacement terms which can be seen in Equation (8) [17]. Where
M is the element mass matrix, C is the element damping matrix, K is the element stiffness matrix,
̇ , {𝐷}
̈ are the relative displacement,
n denotes the time n∆t, where ∆t is the time step and {𝐷}, {𝐷}
velocity and acceleration vectors. From this the displacement, velocity and acceleration are
calculated, from which the stress, strain, energies, etc. can be post processed.
[𝑀]{𝐷̈ } + [𝐶]{𝐷̇} + [𝐾]{𝐷}𝑛 = {𝑅𝑒𝑥𝑡 }𝑛
𝑛
𝑛
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(8)

The velocity and acceleration vectors are the first and second time derivative of the displacement
vector, respectively. Therefore, solving this system involves some form of integration. For
structural dynamics problems, including complex nonlinear systems, direct integration is the
most powerful and quickest [17]. There are two different direct integration techniques for
numerically integrating the equations, Explicit and Implicit direct integration [17].
Numerical integration involves discretizing the displacement with respect to time, using
numerical analysis techniques to approximate the derivative. When using different integration
methods, it is important to note the stability criterion and the order of accuracy of each method.
Solutions calculated using numerical methods include both the true solution and the numerical
solution. For a method to be stable the method must not diverge farther and farther from the true
solution with each time step. The smaller the time step and the higher the order of accuracy the
closer the numerical solution approaches zero leaving just the true solution. However, decreasing
the time step increases the number of steps and computation time. Therefore, the time step must
be chosen as to allow the numerical technique to converge without incurring too many extra
steps.

2.1.1

Implicit Integration
For implicit integration, there are a number of schemes that can be used to discretize the

time variable including: Newmark family of methods, Trapezoidal aka Crank Nicholson, etc.
Each scheme has different benefits including orders of accuracy and stability. As default, Abaqus
uses the Hilber-Hughes-Taylor method, also known as the α-method, which falls under the
Newmark family of methods [20]. This method discretizes the displacement and velocity vectors
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using Equations (9) and (10). The values for β and γ are chosen to control the stability and
accuracy of the solution. Equations (9) and (10) are used in conjunction with the modified
equation of motion seen in Equation (11).
{𝐷}𝑛+1 = {𝐷}𝑛 + ∆𝑡{𝐷̇ } +
𝑛

∆𝑡 2
[(1 − 2𝛽){𝐷̈}𝑛 + 2𝛽{𝐷̈ }𝑛+1
2

(9)

{𝐷̇ }𝑛+1 = {𝐷̇ }𝑛 + ∆𝑡[(1 − 𝛾){𝐷̈ }𝑛 + 𝛾{𝐷̈}𝑛+1
[𝑀]{𝐷̈}

𝑛+1

+ (1 + 𝛼)[𝐶]{𝐷̇ }𝑛+1 − 𝛼[𝐶]{𝐷̇ }𝑛 + (1 + 𝛼)[𝐾]{𝐷}𝑛+1 − 𝛼[𝐾]{𝐷}𝑛
= (1 +

𝛼){𝑅𝑒𝑥𝑡 }𝑛+1

−

1
3

4

(11)

𝛼{𝑅𝑒𝑥𝑡 }𝑛

The method is unconditionally stable and second order accurate if − ≤ 𝛼 ≤ 0, 𝛾 =
(1−𝛼)2

(10)

1−2𝛼
2

and 𝛽 =

. Abaqus has default values for these parameters, which vary depending on the type of

application and can be seen in Table 2.1. Applications in which some energy is dissipate through
plastic deformation, the moderate dissipation values can be used. However, if the large plastic
deformation occurs, the default value for α is too large and can be changed to meet the criteria
listed above to achieve unconditional stability, with the γ and β being calculated using the
equations above.
Table 2.1 Values of α, β and γ for the Hilber-Hughes Taylor
Method [20]
Parameter

α
β
γ

Application
Transient
Moderate
Fidelity
Dissipation
-0.05
-0.41421
0.275625
0.50
0.55
0.91421
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2.1.1.1

Implicit Integration Stability
The benefit of using the implicit integration technique is that most of the methods are

unconditionally stable, which means that the solution converges towards the true solution
regardless of time step. Using the Hilber-Hughes-Taylor implicit scheme, with the correct values
of α, β and γ the scheme will be second order accurate and unconditionally stable. Although the
solution is stable, in order to achieve results that approach the true solution, an appropriate time
step must be chosen. Depending on the type of application, as a default, Abaqus varies the time
increment step depending on several factors. For moderate dissipation Abaqus uses three main
factors to vary the time step, which can be seen in Table 2.2.
Table 2.2 Factors for time increment size variation [20]
No.
1.

2.
3.

Factor
The time increment size is reduced if an increment
appears to be diverging or if the convergence rate is
slow.
The time increment size is fairly aggressively increased
if rapid convergence occurs in previous increments.
The upper bound on the time increment size must be
equal to one tenth of the step duration.

These factors are detected in the background of Abaqus’s software and no changes need
to be made by the user. When using implicit time integration with dynamic simulations in
Abaqus careful consideration for the values of α and subsequently β and γ, should be made.

2.1.2

Explicit Integration
There are many explicit direct integration techniques, including the central-difference,

Runge-Kutta, and Adams-Bashforth methods [21]. The central-difference integration technique is
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the only scheme that is currently supported by Abaqus. For the central-difference method Taylor
series expansion of the displacement at time n+1 and n-1 is used to develop functions of the time
step and the displacement at time n. By combining these into two equations and omitting
derivates higher than order three, the velocity and acceleration vectors are calculated using the
equations (12) and (13).
1
({𝐷}𝑛+1 − {𝐷}𝑛−1 )
2∆𝑡

(12)

1
({𝐷}𝑛+1 − 2{𝐷}𝑛 + {𝐷}𝑛−1 )
∆𝑡 2

(13)

{𝐷̇ }𝑛 =

{𝐷̈ }𝑛 =

The local truncation error of the central difference technique is second order scheme, sometimes
stated as O(∆t2). This implies that as the scheme is second order accurate and the error decreases
with the square of the time step, i.e. if the time step is halved the error is decreased by a quarter
[17]. Combining equations (12) and (13) with (8), the equation of motion using the direct
integration technique becomes equation (14).
1

1

1

1

[∆𝑡 2 𝑀 + 2∆𝑡 𝐶]{𝐷}𝑛+1 = {𝑅𝑒𝑥𝑡 }𝑛 − [𝐾]{𝐷}𝑛 + ∆𝑡 2 [𝑀](2{𝐷}𝑛 − {𝐷}𝑛−1 ) + 2∆𝑡 [𝐶]{𝐷}𝑛−1

(14)

At time t=0, n=0, the displacement, velocity, and acceleration are known from the prescribed
initial conditions, from which {𝐷}𝑛−1 can be calculated using Equations (12) and (13). Using these
and the prescribed initial conditions Equation (14) can be used to solve for the displacement field
at the next time step. Using this same process, the displacement, velocity, and acceleration fields
is calculated at each time step until the end of the process.
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2.1.2.1

Explicit Integration Stability
In order for the explicit integration schemes to be stable, the time step must be chosen so

as to prevent the error from growing with each subsequent time step. In order to prevent
information from propagating across more than one element per time step, the time step must be
faster than the wave speed through the smallest element. The maximum time step that prevents
the exponential growth of error, is also referred to as the Courant number, which can be
calculated using Equation (15).
∆𝑡 ≤

𝐿
𝐶

(15)

Both explicit and Implicit Integration techniques have pros and cons for different type of
initial value problems. Implicit integration techniques are inherently unconditionally stable
which allows for large time steps to be chosen, resulting in less computational time. However,
due to the iterative process that is used in the implicit scheme, each time step is computationally
demanding and the benefit over explicit techniques is only evident when the time step can be
much larger than the equivalent explicit method and still be accurate [17]. On the other hand
explicit methods work exceptionally well for large models with short time responses and for
models with material nonlinearity, therefore explicit methods will be used [17] [22].

28

3

METHODOLOGY

The objective of the Adjustable Seating Systems team was to develop a seating system that
could nest together with the neighboring seat directly in front or behind. The benefit of this
system is the functionality that is added to the vehicle by increasing the free useable space. This
is accomplished in their design by placing the seat frame on rails which allows the frame to slide
forward and backwards in the vehicle with an actuated locking mechanism that is used to lock
the seats movement when not intended. In addition, their design includes the coupled movement
of the seat back and seat butt so that when the seat back slides upwards, the seat butt rotates
downward. The combination of these two movements allows the seat to move forward and nest
together with the neighboring seat directly in front or behind minimizing the space between each
seat when not in use. The designed developed by the Adjustable Seating Systems can be seen in
Figure 3.1.

Y
Z

X

Figure 3.1 Adjustable Seating Systems Nesting
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This section covers the process that was used for creating the seating system model. This
includes the simplification of the model, importation of parts, creation of boundary conditions,
application of loads and initial conditions. Each part was modeled as closely to the design that
the Adjustable Seating Systems team created, however due to the limitations of FEA modeling
some changes were made and will be discussed. It should be noted that the coordinate system in
Figure 3.1 will be referenced throughout this thesis unless otherwise stated.
The design includes thirteen major parts or subassemblies (not including small parts such
as screws, bolts, etc.) and can be seen in Figure 3.2 with the name and quantity of each part in
Table 3.1. These part numbers and names will be referenced throughout this section.

11
4
2

1

5
3

9

6

8

7
10

12
13

Figure 3.2 Adjustable Seating Systems Itemized Design
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Table 3.1 Adjustable Seating Systems Itemized Design
Part
Number
1
2
3
4
5
6
7
8
9
10
11
12
13

3.1

Name

Quantity

Main Frame
Seat Back Frame
Seat Butt Frame
Linear Slide Rail
Support Brace
Swing Arm
Swing Arm Brace
Seat Belt Attachment Bracket
Linear Actuator
Locking Assembly
Cushions
Floor Assembly
Slide Rail and Carriage Assembly

1
1
1
2
4
2
4
2
1
2
2
1
4

Modeling Parts
To decrease the size and complexity of the simulation, only the main components of the

seating system were modeled. Additionally, since focus of the thesis is on the structural integrity
of the seating system, only parts that directly provide structural support were modeled; this
includes parts 1-8, whereas parts 9-13 do not directly relate to the seating systems structural
capabilities and were not included in the simulation. The CAD from the Adjustable Seating
Systems team and the simplified model used in Abaqus can be seen in Figure 3.14.
A significant decision that must be completed before the process of building the model can
begin is the decision on how to model and discretize each part i.e. using solid elements, shell
elements, beams, etc. The key goal in this decision is to decrease the number of nodes and
therefore the number of degrees of freedom which will help to decrease the total computation
time. However, the desired accuracy of the model must still be considered in parallel and part
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reactions must follow real world conditions. For the model, each of the parts 1-8 were modeled
and discretized in different ways and will be discussed in detail.

3.1.1

Main Frame
The main frame is manufactured from 1in square hollow box tubing with a 0.083in

thickness. To accurately model this part, all mounting holes and fillets were removed and the
frame was converted to a completely solid part in the CAD model. Once imported into Abaqus,
the model could easily be converted into a hollow shell. Using the outside top surface for the shell
offset, the thickness of the box tubing could be input and the main frame could be discretized
using shell elements with a thickness of 0.083in (2.11mm). The main frame from the CAD model
and the main frame from the simulation can be seen in Figure 3.3.

(a) Seat Butt from CAD

(b) Seat Butt from FEA model

Figure 3.3 Frame model
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3.1.2

Seat Back and Seat Butt
Since the design of the seat back and seat butt follow that of the main frame, using a

combination of square and rectangular hollow box tubing, the same process was applied to the
seat frame and seat back that was applied to the main frame. Applying shell elements with the
correct thickness the FEA parts were easily replicated and can be seen in Figure 3.4 and Figure
3.5.

(a) Seat Butt from CAD

(b) Seat Butt from FEA model

Figure 3.4 Seat Back model
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(a) Seat Butt from CAD

(b) Seat Butt from FEA model
Figure 3.5 Seat Butt model

3.1.3

Slide Rail
The Slide Rail attaches to the main frame and the seat back; its function is to control the

motion of the seat back and the seat butt frame. The slide rail allows the seat back to move
vertically up and down while still remaining in contact with the main frame. The slide rail is an
off the shelf industrial drawer slide from Firgelli Automations. This complex combination of
pressed sheet metal frames mounted together with linear bearings allow the slide rail to extend
linearly. In the FEA model the slide rail was modeled as a box beam using beam elements. The
Firgelli Slide rail, wire beam and the beam profile can be seen in Figure 3.6 (a), (b) and (c)
respectively.
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(a) Slide Rail from CAD

(b) Slide Rail from FEA
model just wire model

(c) Slide Rail from FEA model
with beam profile shown

Figure 3.6 Slide Rail model

In order to accurately represent the slide rail with its bending and torsional inertia
quantities, the CAD file from the manufacturer was imported in Solidworks. Using Solidworks
the area moment of inertia values about the principle axes were calculated for the cross-sectional
surface shown in blue in Figure 3.7. The inertia values were imported into the Engineering
Equation Solver program with the equations for the area moment of inertia for a hollow box
section which are functions of the height and width seen in Equation (16) and Equation (17),
where H, B, h and b can be seen in Figure 3.8. Using an iterative approach, the values for H, B, h
and b were calculated and found to be 41.78mm, 10.97mm, 37.496mm, and 3.686mm respectively.
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Figure 3.7 Linear Slide Rail Section Principle Axes
𝐼𝑥 =

𝐵𝐻 3 𝑏ℎ3
−
12
12

(16)

𝐼𝑦 =

𝐻𝐵3 ℎ𝑏 3
−
12
12

(17)

Figure 3.8 Arbitrary Box Section [23]
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3.1.4

Brace
There are four brace parts which play an important role in the design of the seating

system. There are two on each side that connect to the main frame and two that connect to the
seat back frame. Their function is to provide additional vertical support for the seat back and seat
butt when in the fully seated position helping to alleviate some of the stress in the swing arms.
The CAD of the brace can be seen in Figure 3.9 (a) with a consistent wall thickness of 4.5mm
(0.177in). Before importing into Abaqus, the geometry of the part was simplified from the CAD
model; the mounting hole (A) was eliminated and filled in creating a flat surface. Additionally,
the internal cavity was filled in creating a completely solid structure. After the geometric
modifications were complete the part was imported into Abaqus and converted from a solid to a
shell part using the outer surface as the point of reference which can be seen in Figure 3.9 (b).
Applying shell elements with a thickness of 4.5mm the final part in the FEA model can be seen in
Figure 3.9 (c).

A

(a) Brace from CAD

(b) Brace from FEA
Figure 3.9 Brace Model
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(c) Brace from FEA with
shell thickness shown

3.1.5

Swing Arm
The swing arms are simple in geometry but complex in their kinematic function. The

swing arm assembly consists of three main components a hollow steel tube of thickness 2.77mm
(0.109inch) and two spherical rod ends (A) and (B) seen in Figure 3.10. The rod ends attach to the
frame and seat through a pin allowing for relative rotational movement about the Z coordinate
axis in Figure 3.11 (not shown - out of the page) but limits the translational movement in the X,
Y, and Z directions. The main purpose of the swing arm assembly is to provide support to the
seat butt when in use in the fully seated position as well as couple the motion between seat back
and seat butt. In the FE model, the swing arms were modeled as a shell tube with the spherical
rod ends left out and later replaced with the correct constraints so the swing arms in the model
have the same behavior as those from the design. Shell elements were applied to the swing arm
tube with a thickness of 2.77mm thickness simulating the tubular swing arms in the CAD.

A

B

(a) Swing Arms from CAD

(b) Swing Arms from FEA model

Figure 3.10 Swing Arms model
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Figure 3.11 Spherical Rod Ends

3.1.6

Swing Arm Bracket
The swing arm bracket which attaches the swing arms to the frame and seat butt using a

pin is an off the shelf part purchased from Firgelli Automations. The CAD file received from the
manufacturer can be seen in Figure 3.12 (a). In order to improve the mesh quality and decrease
the number of nodes in the part, a new CAD file was created in Solidworks with the same
dimensions but simplified geometry. The slot (A) and hole (B) seen in Figure 3.12 (a) were filled
in and the fillet (C) was eliminated leaving a flat top. The part was then imported into Abaqus
and converted to shell elements as can be seen in Figure 3.12 (b), The part was discretized using
quadrilateral shell elements with an applied thickness of 5.08mm (0.2inches) which can be seen
in Figure 3.12 (c). The swing arm bracket used in the FEA model although slightly different in
geometry, the same dimensions and wall thickness were applied allowing the part to behave
similarly to the real one.
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C
A
B(a) Swing Arm Bracket from CAD

(b) Swing Arm Bracket from FEA
model

(c) Swing Arm Bracket from FEA
with shell thickness shown

Figure 3.12 Swing Arm Bracket model

3.1.7

Seat Belt Attachment Bracket
The seat belt attachment bracket is welded onto the main frame and allows the seat belt

assembly to be attached by being bolted on to the hole in Figure 3.13 (a). The part is manufactured
from a solid piece of steel and consists of a tapped hole, filleted corners, and an angled edge.
When the dynamic modeling was being completed, it was found that the including the hole in
the seat belt attachment bracket drastically reduced the size of the smallest element in the entire
model which decreased the minimum time step time and increased the computation time.
Therefore, to simplify the part for the FEA model a similar part was drawn in Abaqus eliminating
the fillets and the hole but keeping the same length, width, and angle dimensions as the original
part shown in Figure 3.13 (b). Due to the solid nature of the part, the seat belt bracket was
discretized using a Hexahedron dominant mesh with some Wedge elements to account for the
slanted face.
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(a) Seat Belt Attachment Bracket from
CAD

(b) Seat Belt Attachment Bracket from
FEA model

Figure 3.13 Seat Belt Attachment Bracket model

For all parts included in the FEA model multiple simplifications were made to the geometry
including elimination of fillets, holes, and curved edges to simplify the design, improve mesh
quality and increase the accuracy of the model. The geometry of each part was easily imported
into Abaqus using ACIS (.sat v.21) files helping to ensuring geometry and part behavior. A
summary of all the parts used, geometric simplifications made and the element type used for
discretization can be seen in Table 3.2 Part Discretization Summary.
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Table 3.2 Part Discretization Summary
Part

Simplification in FEA
model
Main
1” Square hollow
All mounting holes were
Frame
mechanical box
removed and were
tubing
replaced with interactions
Seat Back
1” Square hollow
All mounting holes were
Frame
mechanical box
removed and were
tubing
replaced with interactions
Seat Butt
1” Square hollow
All mounting holes were
Frame
mechanical box
removed and were
tubing
replaced with interactions
Linear
Drawer Slides formed Square box section was
Slide Rail
from stamped sheet
used with same moment
metal
of area values
Support
Pocketed square brace Holes and fillets were
Brace
removed
Swing Arm Hollow cylindrical
Spherical bearings were
tube
removed
Swing Arm Stamped Sheet metal
Fillets and holes were
Brace
removed
Seat Belt
Solid
Fillets and holes were
Attachment
removed
Bracket

3.2

Description

Discretization Element
Quadrilateral shell elements of
thickness 2.11mm
Quadrilateral shell elements of
thickness 2.11mm
Quadrilateral shell elements of
thickness 2.11mm
3D wire with a hollow
rectangular beam profile
Quadrilateral shell elements of
thickness 4.5mm
Quadrilateral shell elements of
thickness 2.77mm
Quadrilateral shell elements of
thickness 5.08
Hexahedron dominant with
Wedge elements

Assembly
Using geometry and dimensions from the CAD model created by the Adjustable Seating

Systems team, the location of each part was easily determined. The assembly of the model was
created by carefully placing each part in its specified location. The final assembly in Abaqus was
created and can be seen in Figure 3.14.
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(a) Adjustable Seating Systems CAD model

(b) Finite Element model

Figure 3.14 FEA Simplified Model

3.3

Interactions
Interactions are a significant step in completing an FEA model. They are used as a

substitute to modeling various parts and prescribe the relationship between parts; ultimately,
their main purpose is restricting the degrees of freedom of parts either globally or locally relative
to other parts. Interactions must be defined to simulate the relationships between the parts in the
model correctly in order to simulate the real-world problem being analyzed. This section will
discuss all interactions used in creating the model and the reasons why.

3.3.1

Feet
In the CAD model created by the Adjustable Seating Systems team the legs (A) of the

frame are connected to the carriages of the slide rails through flat steel plates (B) shown in Figure
3.15 (a). The carriage and rails allow for the seat to move forwards and backwards but lock all
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vertical, transverse and rotational degrees of freedom. To model the feet the bottom surface of
each leg was rigidly tied to the center point of the cross section shown in Figure 3.15 (b). The rigid
tie assumes that when the frame is connected to the flat steel foot plate, the local deformation at
the connection of the leg and foot would be minimal compared to the thin tubular frame. The
rigid tie will allow for the reaction force at the feet to be plotted over time for the dynamic model
which will be used for further design iterations.

A
B

(a) Feet in CAD model

(b) Feet in FEA model
Figure 3.15 Feet Interaction

3.3.2

Swing Arm Bracket
In the design there are four Swing Arm Brackets (A), (B), (C), and (D) seen in Figure 3.16

(a). Each bracket attaches to both the main frame and seat butt frame using two bolts (1) and (2)
seen in Figure 3.16 (b). The spherical the spherical bearings and swing arms connect to the bracket
via a pin. This connection eliminates the translation degrees of freedom relative to the two parts
but allows for rotational movement about the pin.
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B

A
D

C

1
2

(a) Swing Arm Bracket Location CAD model

(b) Swing Arm Bracket
mounting hardware

Figure 3.16 Swing Arm Bracket Interaction

In the FEA model the mounting holes in the swing arm bracket were eliminated, but
partitions to the bottom surface of the bracket were created to locate the center of the holes. Where
the partitions intersect mark the center of the holes and bolts (1) and (2) as seen in Figure 3.17. To
model the bolt connection between the bracket and the frames a fastener connection was used to
connect nodes (1) and (2) to nodes (3) and (4) respectively in Figure 3.17. The fastener models the
bolt as a rigid beam that ties all degrees of freedom between the two points. Additionally, a radius
can be applied to the fastener helping to spread the loading that would occur due to the forces in
the model over an area larger than a single node. This helps to eliminate artificial high stress
concentrations in the simulation and more accurately models the real-world loading condition of
a bolted connection. A 2mm radius was applied to the fastener to accurately model the same bolts
used in the design made by the Adjustable Seating Systems team. The same fastener connection
interaction was used to connect swing arm brackets (A) and (B) to the seat butt frame and (C) and
(D) to the main frame.
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1
2

3
4

(a) Swing Arm Bracket Mounting Location

(b) Swing Arm Bracket Frame Mounting
Location

Figure 3.17 Swing Arm Bracket FEA Interaction

3.3.3

Spherical Bearing and Swing Arm
The design consists of four spherical rod ends (A), (B), (C) and (D), which connect the

swing arms to the swing arm brackets shown in Figure 3.18. The spherical rod ends allow for
rotation about the Z axis (not shown) in Figure 3.11. To accurately model the interaction of the
swing arms with the swing arm bracket with the correct DOF without modeling the spherical
bearings, several simplifications were made to the swing arm and the swing arm bracket.
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A
C

B
D
Figure 3.18 Spherical Rod End Location

For the swing arms, the center of the swing arm rotation (A) shown in Figure 3.19 (a)
marks the center point of rotation of the spherical bearing in relation to the swing arm. In the FEA
model, the center point of rotation was located with a datum point shown in Figure 3.19 (b). After
which, a rigid body interaction was created that rigidly tied the outer surface of the swing arm to
the datum point (A). This simplification assumed the solid steel shaft and housing of the spherical
bearings are rigid relative to the hollow thin walled tubular swing arms.

A
A

(a) Swing Arm Bracket Location CAD
model

(b) Swing Arm Bracket mounting hardware

Figure 3.19 Swing Arm Interaction
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A pin connects the spherical bearings to the swing arm bracket shown in Figure 3.20 (a).
In the FEA model the pin was removed an in its place an interaction needed to be added to
connect the swing arm to the bracket. The bottom surfaces of the holes in the bracket, (1) and (2)
in Figure 3.20 (b) and (c) were rigidly tied to a reference point (RP) located in the center of rotation
of the pin and of the bracket. The rigid tie assumes the solid steel pin with a diameter of 6.2mm
has a negligible deflection when compared to the rest of the components in the model.

A

1

(a) Swing Arm Bracket
and Pin CAD model

2

1

RP

(b) Swing Arm Bracket
pin hole CAD model

2

(c) Swing Arm Bracket pin
hole FEA model

Figure 3.20 Spherical Bearing-Swing Arm Bracket Interaction

With the rigid tie of the swing arm simulating the spherical bearing and the rigid tie of
the bottom surfaces of the holes of the swing arm bracket simulating the pin, the datum point (A)
in Figure 3.19 and the reference point (RP) in Figure 3.20 were coupled together locking all
degrees of freedom except for the rotation about the axis of the pin. The final assembly of the
swing arm and swing arm bracket with interactions can be seen in Figure 3.21; this same process
was completed for all four spherical bearing locations.
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Figure 3.21 Swing Arm and Bracket
Interaction

3.3.4

Seat Back-Seat Butt Hinge
Two hinges (A), connect the seat back and the seat butt frames together seen in Figure 3.22

and allows the linear vertical motion of the seat back (B) to be coupled to one end of the seat butt
frame (C). Being welded on, each hinge is rigidly attached to the seat back and butt frames,
constraining all degrees of freedom. With the connection of the swing arms to the seat butt and
the hinge connection, the seat butt rotates downward as the seat frame moves vertically up. This
is to help reduce the distance between the seats allowing for closer nesting between neighboring
seats increasing the useable space inside the vehicle when the seats are nested together.
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B

A

C
Figure 3.22 Hinge CAD Model

In the FEA model the hinge was not modeled and replaced with interactions between the
seat back and seat butt. The center of axis of rotation of the hinge was located in the CAD model
and a reference point was added in its place in the FEA model. The footprint of the hinge on the
seat back frame was rigidly tied to the reference point locking all degrees of freedom.
Additionally, the footprint of the hinge on the seat butt frame was coupled to the reference point
constraining all degrees of freedom except for rotation about the Z axis. The interactions shown
in Figure 3.23 assume the local deformation at the hinges will be negligible compared to the rest
of the seat butt and seat back frames due to the increased material thickness at this location.
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Figure 3.23 Hinge FEA Model

3.3.4.1

Slide Rail to Seat Frame
The slide rail (A) attaches the main frame (B) to the sea back frame (C) and allows for

relative vertical linear motion between the two parts shown in Figure 3.24. Previously discussed
the slide rail was modeled as a three-dimensional wire with appropriate hollow square box beam
profile. To get the correct DOF interaction between the slide rail and the main frame, a MultiPoint Constraint (MPC) was created that attached the slide rail to the main frame. The MPC
interaction was modeled as beam simulating a bolt loading condition, tying all the degrees of
freedom between the point on the frame and the point on slide rail. Five locations were rigidly
attached the slide rail to the main frame corresponding the mounting locations from the CAD
model from the manufacturer which can be seen in Figure 3.25 (a).
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B
A
C

Figure 3.24 Slide Rail Attachment

1

1

2

3

2

4
5

3

(a) Slide Rail Rigid
Attachment Location

(b) Slide Rail
Moving Mounting
Location

Figure 3.25 Slide Rail Rigid Mounting
Location
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Between the slide rail and the seat back, all relative motion needed to be locked except for
the vertical movement. The seat back connects to each slide rail at three locations based upon the
manufactures recommendations shown in Figure 3.25 (b). In order to accurately simulate the
correct relative motion, a translator connection was used to connect the mounting locations on
the slide rail and the seat back. The translator connection ties all relative degree of freedoms
between the two points except for translation along one axis. In the FEA model, the vertical axis
along the length of the slide rail beam was chosen, thus allowing for seat back to move vertically
up and down with respect to the slide rail and the main frame with all other degrees of freedom
remaining locked.
When running the dynamic modeling, large deformations were occurring at the location
of the translator connections on the seat back. This occurred due to large forces being transmitted
through a single node creating an artificial stress concentration in the model. To prevent this a
small square area around the connection node was rigidly tied to the connection node, simulating
a washer or bolt head load dispersion which can be seen in Figure 3.26. A square area, rather than
a circular area, was used since the part was discretized using quadrilateral elements. The quality
and size of the elements in the mesh quickly decreased when using a circular area which
significantly decreased the minimum time step that could be used in the explicit dynamic
simulation. This same process was completed for all mounting locations for both slide rails.
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Rigid
Surface
Connection
Node
Figure 3.26 Rigid Load Dispersion

3.3.4.2

Brace
To help provide support for the seat back and seat butt when in the seated position, four

braces (A), (B), (C), and (D) were included which attach to the seat back frame and the main frame
which can be seen in Figure 3.27. The design includes hard high-density rubber strips in between
the braces that help to dampen the forces and motion between two braces when they come into
contact. For the FE model, the rubber was not included but replaced with constraints to simulate
the interaction.
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A
B

C
D

Figure 3.27 Brace Mounting Location
CAD

In the FEA model, braces (A) and (C) were tied to the surface of the seat back whereas (B)
and (D) were tied to the surface of the main frame. The tie constraint locked all the degrees of
freedom between the two parts allowing them to move as one part. To model the rubber strip
only the vertical degree of freedom needed to be locked. Using a slide plane connection between
the two contact surfaces of the braces allows for relative motion between the two surfaces in all
directions except for the vertical motion. This simplification assumes the rubber does not
contribute to much yielding or damping in the vertical direction. The location and position of
braces (A) and (B) with the slide plane connection can be seen in Figure 3.28; the same process
was completed for Braces (C) and (D).
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A
Rubber
B
3.3.4.3

Figure 3.28 Brace Mounting Location FEA

Seat Belt Attachment
The seat belt assembly attaches to the frame using the seat belt attachment brackets shown

in the Figure 3.29. The same bracket is used to attach the seat belt assembly on both sides of the
frame. In the design of the seating assembly the seat belt attachment bracket is welded to the main
frame, rigidly constraining all degrees of freedom between the two parts.

Figure 3.29 Seat Belt Bracket Location
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To couple the motion of the seat belt attachment bracket to the main frame, a tie constraint
was created between the adjacent faces. Taking into account the relative element size of each part,
the surface on the main frame (A) was set as the master surface and the surface on the seat belt
attachment bracket (B) was set as the slave surface shown in Figure 3.30. This constraint tied all
relative degrees of freedom between the two parts.

A

B

(a) Master Surface-Main Frame

(b) Slave Surface-Seat Belt Attachment
Bracket

Figure 3.30 Seat Belt Attachment Constraint

3.3.4.4

Contact
To simulate the contact of swing arm brackets with the main and seat butt frames a

surface-to-surface interaction was created with “Hard” contact properties. Abaqus applies this
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interaction to all parts in the model and prevents any overlap between the surface of parts as they
come in contact with each other. This simplification assumes only rigid normal contact occurs
and that frictional contact related to part surfaces sliding over each other is negligible.

3.3.5

Mesh
The mesh refers to the discretization of each part in the model. Each part was discretized

using different element types. The size of each element affects the accuracy of the model, with
some parts affecting the results more than others depending on its size, location, and interactions.
As the element sizes decrease throughout the model, the number of degrees of freedom increases
which increases the size and required computing time of the simulation.
As the size of the element decreases, the simulation approaches a true solution to the
problem. It is necessary to determine the minimum mesh size required for the problem to
converge. A convergence study in which the size of the elements in the model are decreased and
the desired outputs are recorded each time until the outputs are constant is used to determine the
maximum element size that still results in a converged solution.
In the model the convergence study was completed for case 1 due to the relatively low
computation time compared to the dynamic modeling. Two points of interest were chosen as the
output the Von Mises Stress at point A and the deflection at point B seen in Figure 3.31. Point A
was chosen because of its location and area of high stress on the main frame whereas Point B was
chosen to verify the convergence of the entire model.
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B

A

Figure 3.31 Convergence Study Output
Locations

The convergence study was computed by first steadily decreasing the element size in the
main frame, seat back frame, butt frame and seat belt attachment bracket. After the stress and
displacements had converged at points A and B respectively, the element size in the swing arm,
swing arm bracket, and braces were decreased to observe the effect of their mesh size on the
overall model. The final step included increasing the order of the shape functions of each element
to a second order element. Increasing the order of the shape function allows for the strain to vary
more realistically throughout the element. Using a second order shape function increases the
computation time for the model but allows for larger element sizes to be used while still
maintaining a converged model. Having larger element sizes is beneficial when completing
dynamic simulations using explicit methods as the time step is dependent on the smallest element
in the model. Therefore, a model with higher order shape functions and larger element sizes, may
run faster than a model with lower order shape functions and smaller elements.
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Figure 3.32 Convergence Study

The results of the convergence study can be seen in Figure 3.32. As can be seen, the
deflection and Von Mises stress begin to converge at approximately 30E4 degrees of freedom.
This point included a fine mesh of the main frame and various parts using a linear shape function
for the elements. By increasing the order of the shape function to a second order function the
number of degrees of freedom in model increased, but the element sizes increased as well. Using
these parameters, the DOF of the model increased to approximately 62E4 resulting in a converged
model with larger element sizes relative to the other linear mesh sizes used. This mesh scheme
was used for all quasi-static cases. However, for the dynamic model Abaqus/Explicit does not
support a second order shape function therefore a linear shape function must be used.
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3.4

Boundary Conditions
In order for a unique solution to be determined to the problem, the physical limitations on

the model that lie on the boundary need to be prescribed. For structural analysis problems these
are generally the displacement of certain areas in the model and refer to the D matrices in
Equation (2) for a quasi-static problem and Equation (8) for a dynamic problem. The boundary
conditions prescribed for the modeling of the seating system refer to the feet of the main frame
and change for the quasi-static and dynamic analysis.

3.4.1

Quasi-static model
The legs of the main frame are connected to flat steel plates referred to as the feet which

in turn are bolted to the rail and carriage assembly that allow for the seat assembly to move
forwards and backwards. The rails lock the vertical Y axis, the transverse Z axis, (not shown-out
of the page) as well as rotation in all axis shown in Figure 3.33. Therefore, in the FEA model all
degrees of freedom were locked except for the displacement along the X axis. However, for the
back legs which have an included locking mechanism that use a pin to lock the main frame in
place to prevent any movement along the X direction, all translational and rotational degrees of
freedom were locked.
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Y

Y

X

X
Back Leg

Front Leg
Figure 3.33 Leg Boundary Condition

3.4.2

Dynamic model
For the dynamic modeling, the boundary conditions still apply to the displacement of the

legs of the main frame. The front legs were modeled just as they were in the quasi-static model,
with all translation and rotational degrees of freedom set to zero except for the translation along
the X axis shown in Figure 3.33. However, since the dynamic model is simulating the seat inside
a vehicle moving at 48km/hr and hitting a rigid barrier in a head on crash the back legs could not
be locked in the X direction since the seating is moving forward in the X direction over time.
Therefore, the back legs were modeled just as the front legs with all rotational and translational
degrees of freedom set to zero except for displacement along the X axis.
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3.5

Loading Conditions
The focus of this thesis is to develop a methodology to verify the seating system designed

by the Adjustable Seating Systems team meets the loading requirements of the Federal Motor
Vehicle Safety Standards. The FMVSS outline the general requirements for the loading conditions,
however the Society of Automotive Engineers outlines more specific requirements for the loading
and testing conditions which are referenced by the FMVSS.

3.5.1

Quasi-static Model
For the quasi-static model cases, FMVSS 207 and 209 specifies the magnitude, direction

and location of the applied loads for three different cases. Cases 1 and 2 are conducted to statically
simulate the maximum loading that occurs during a head on crash with a rigid barrier, and a rear
end collision. Whereas Case 3 is conducted to simulate the maximum loading of a passenger on
the seat in normal operation.

3.5.1.1

Case 1
Case 1 includes two main forces; a force in the X direction equal to 20 times the weight of

the seating assembly applied at its center of mass and a 5,000lb force applied at the mounting
location of the seat belt assembly as shown in Figure 3.34 [16].
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Figure 3.34 Case 1 Loading Condition SAE Standard
[16]

In the FEA model, concentrated loads were used to simulate the loading conditions
outlined by the FMVSS and SAE standards. The load applied at the mounting location of the seat
belt assembly has a magnitude of 5,000lb total with equal loading at each seat belt attachment
location at an angle between 5-15° from the horizontal plane. Therefore, a 2,500lb (11,120N) force
was applied at each seat belt attachment bracket at an angle of 10°. The longitudinal load is equal
to twenty times the weight of the seat applied in the same plane as the center of mass which can
be seen in Figure 3.35 Center of Mass of Adjustable Seating System.
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(a) Center of Mass-Profile

(b) Center of Mass- Rear

Figure 3.35 Center of Mass of Adjustable Seating System

The total seating system including the linear actuator, locking assemblies, cushions, and
seat belt assembly weighs approximately 64lbs (285N). According to the laboratory test
procedures the forward longitudinal force is split between both sides of the seat frame, therefore
in the FEA model two loads of 2,847.5 N were applied to the seat back frame in the same plane as
the center of mass. The combination of loads on one side of the seat assembly can be seen in Figure
3.36.
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Figure 3.36 Case 1 Loading Condition-FEA
Model

3.5.1.2

Case 2
The loading in Case 2 includes the same magnitude of the longitudinal force applied at

the center of mass as was specified in Case 1 but the direction is switched. This static force is to
simulate the loading of the seating system in the event of a rear end collision; therefore, the force
is applied in the rearward longitudinal direction. In the FEA model a 2,847.5 N force was applied
in the same plane as the center of mass in the rearward direction on each side of the frame as seen
in Figure 3.37.
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Figure 3.37 Case 2 Loading Condition-FEA
Model

3.5.1.3

Case 3
The loading in Case 3 is used to simulate the loading due to a passenger in normal

operating conditions. A load applied to the uppermost crossmember must be applied with a
magnitude that creates a 3,275lb-in (370N-m) moment about the Seating Reference Point (SRP),
also referred to as the H-Point. The SRP is the location of the center of rotation of the hip of a
passenger. The SRP location depends on the size and stature of the passenger; for a 50th percentile
adult male dimensions for the location of the SRP can be seen in Figure 3.38 [24].
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Figure 3.38 SRP Location for a 50th Percentile Adult
Male [24]

Using the dimensions for the SRP while taking into account the foam cushion, the SRP
location for the seating assembly can be seen in Figure 3.39. With the vertical distance (dY) of
0.614m, a force applied on the top most cross member of 602N results in a 370N-m moment about
the seating reference point which can be seen in Figure 3.40.

(a) Seating Reference Point

(b) Seating Reference Point Distance

Figure 3.39 Seating Reference Point Location
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Figure 3.40 Case 3 Loading ConditionsFEA Model

3.5.2

Dynamic Model
The dynamic loading conditions outlined by FMVSS 208 are designed simulate a vehicle

traveling forward with an initial velocity and crashing into a rigid barrier. Rather than crashing
the entire vehicle, the FMVSS requires the seating system to undergo a deceleration from an initial
velocity of 30mph (48kph) while loaded with a 50th percentile male passenger. This test is
generally performed on a sled test and the acceleration of the sled must fall within the two
acceleration curves in Figure 1.5. An acceleration curve which lies between the two bounds was
used in the FEA model and can be seen in Figure 3.41.
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3.5.2.1

Case 4

In the design of the seating system, the locking mechanism attached to the rear legs locks
the motion of the seat assembly to the vehicles floor. Therefore, in the FEA model the acceleration
curve was applied to the rear legs of the main frame to simulate the transmission of the
acceleration that would occur through the vehicles floor to the seat frame.

Figure 3.41 FEA Acceleration Curve

The scope of this thesis was to analyze the structural integrity of the seating system, rather
than the effect of the seating system on the passenger. Therefore, in order to simplify the resulting
inertial forces of the 50th percentile male passenger on the seating system during the rapid
deceleration, a point mass of 74kg was applied at the center of mass of the passenger to simulate
the load of the passenger on the seat assembly.
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Figure 3.42 Center of Mass-FEA Model

Using data from the National Aeronautical Aeronautics and Space Administration coupled
with the user guide for a Hybrid III 50th percentile dummy, the location of the center of mass
located and can be seen in Figure 3.42 [25] [26]. To attach the point mass to the seat assembly,
multiple connector interactions were used. First, a slide plane was attached to the seat belt
attachment bracket (A) and the point mass (B) shown in Figure 3.43. The slide plane ties the
translational movement of the point mass to the seat belt attachment bracket in the X direction
but allows for movement in the Y and Z directions (not shown). This interaction simulates the
reaction of the seat belt assembly with the passenger as the rapid deceleration occurs. It should
be noted that this connection works in both tension and compression whereas a seat belt only
restricts movement when in tension. This interaction is a simplification of real-world kinetics and
kinematics.
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Y
X
B
A
Figure 3.43 Seat Belt Connection - FEA
Model

Secondly, to transmit the force of the passenger sitting on the seat butt frame a slide plane
interaction connection was used that locked the displacement in the Y direction but allowed for
displacement in the X and Z directions shown in Figure 3.44. The displacement of the point mass
was locked to the seat butt in four locations along the seat butt cross member to disperse the
loading. This interaction ties the point mass to the seat butt and will react in tension and
compression which is a simplification of the problem because the passenger will only react with
the seat butt frame in compression.
To simulate the initial velocity of the seat assembly and passenger, a predefined velocity
field was applied to the entire model. The magnitude of the velocity field was 13.33m/s, applied
in the X direction only. This simulates the vehicle and seat system moving at a constant speed in
the forward X direction.
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Y
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Figure 3.44 Seat Butt Interaction - FEA
Model

3.6

Model Summary
For all four cases different loads, boundary conditions and initial conditions were applied

to the seating system. A summary of the relevant model attributions can be seen in Table 3.3.

Table 3.3 Model Summary
Model

Boundary Condition
Case 1

Quasi-static

Case 2
Case 3
Case 4

Dynamic

Back Leg: UX=UY=UZ=ΩX=ΩY=ΩZ=0
Front Leg: UY=UZ=ΩX=ΩY=ΩZ=0
Back Leg: UX=UY=UZ=ΩX=ΩY=ΩZ=0
Front Leg: UY=UZ=ΩX=ΩY=ΩZ=0
Back Leg: UX=UY=UZ=ΩX=ΩY=ΩZ=0
Front Leg: UY=UZ=ΩX=ΩY=ΩZ=0
Back Leg: UY=UZ=ΩX=ΩY=ΩZ=0
Front Leg: UY=UZ=ΩX=ΩY=ΩZ=0
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Load
FCOM=2847.5N
FSeatBelt=11120N∡10°
FCOM=-2847.5N

Initial
Condition
N/A
N/A

FMOM=-602N

N/A

Acceleration Curve,
Gravitational
Acceleration:
9.81m/s2

13.33 m/s

4

MATERIALS

The type of analysis being completed using FEA dictates the required material properties;
for structural analysis material stiffness, Poisson’s ratio and density need to be prescribed. For a
homogenous, isotropic material the stiffness is the relationship between the stress and strain in
the material. If the material in question is being modeled as completely linear elastic, all that is
needed is the Young’s Modulus which is the slope that relates the strain to the stress. For models
in which the maximum stress induced in the system is less than the yield strength of the material
this is an accurate assumption. However, for seating systems plastic strain is an important
engineering consideration as the plastic range will help to absorb the kinetic energy that occurs
in the dynamic event. Therefore, in order to accurately model the plastic range of a model a more
detailed stress-strain model is required. Importing a stress strain diagram in Abaqus can more
accurately model the material and part deformation.
The design of the seating system created by the Adjustable Seating Systems team uses a
variety of materials including, foam, steel, and plastic. In the FEA model, all the parts modeled
are manufactured from a varietal of steel. The mechanical properties of steel can vary wildly
depending on the carbon content, alloying elements, forging and manufacturing processes [27].
For example, the yield strength and tensile strength can vary from 200-500Mpa and 300-900Mpa,
respectively [27]. For the parts in the seating design, finding the mechanical properties of the
materials turned out to be challenging. The material used to manufacture the main, seat back and
seat butt frames is ASTM A513 a mechanical tubing. For mechanical tubing, the ASTM standard
specifies tolerances on the geometric dimensions leaving the exact carbon content and allowing
element up to the forging company; therefore, the same ASTM A513 steel tubing from different
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manufactures can have a wide range of mechanical properties. Additionally, the other parts in
the model, slide rail, swing arm bracket, and brace are all manufactured from steel with unknown
mechanical properties.
Due to the lack of concrete information on the properties of the materials used in the design
a generalized steel stress-strain curve was chosen to import into Abaqus and applied to all parts
in the model. Simulating properties for a typical low carbon steel (AISI 1020 and ASTM A500),
the mechanical properties, density and poisons ratio can be seen in Table 4.1 Material Properties.
Table 4.1 Material Properties
Property
Young’s Modulus, E
Engineering Yield Stress σYE,
True Yield Stress σYT,
Engineering Elastic Strain
True Elastic Strain
Plastic Strain at Yield, ɛyp
Engineering Ultimate Stress σEU
True Ultimate Stress σEU
Engineering Ultimate Strain
True Ultimate Strain
Plastic Strain at Ultimate, ɛTp
Poisson’s Ratio
Density

Units
ksi
Mpa
ksi
Mpa
ksi
Mpa
ksi
Mpa
ksi
Mpa
g/cm3
lb/in3

General Steel
29007.2
199998
30
207
30.0
207.1
0.001034
0.001034
0
60
414
78
537.79
0.3
0.262
0.261
0.29
7.871
0.2844

To model the elastic and plastic material behavior, a piece wise stress strain curve was
imported into Abaqus using values of the yield and ultimate stress along with the plastic strain
at these points. Engineering stress and strain assumes a constant cross-sectional areas and length
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under loading conditions. However, these values change as the material yields elastically and
plastically. True stress and strain takes the geometry changes into account and must be used in
Abaqus. Using equations (18) and (19) engineering values can be converted to true values.
𝜎𝑇 = 𝜎𝐸 ∗ (1 + 𝑒𝐸 )

(18)

𝑒𝑇 = ln (1 + 𝑒𝐸 )

(19)

The piecewise linear engineering and true stress-strain curves can be seen in Figure 4.1 Stress
Strain Curve. It should be noted that the stress strain curve used in this model assumes no
significant changes in the stress-strain curves due to test speeds.
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Figure 4.1 Stress Strain Curve
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RESULTS

The result of this thesis is to analyze the structural integrity of the seating system developed
by the Adjustable Seating System. Therefore, the results include the location of the high stress
concentrations, peak stress values and plastic strain in the system. The results of the four cases
analyzed will be detailed below. A scale factor of 1 will be applied to each figure in this section
unless otherwise stated; additionally, all stress in the figures are in units of Pascal’s.

5.1

Case 1
The quasi-static loading associated with Case 1 is designed to simulate the maximum

loading that would occur during a head on crash with a rigid barrier. Two main loads are
associated with this case; a forward longitudinal load at the seats center of mass and an angled
forward load located at the seat belt locations.
Due to the combined loading, large stresses occur at the connection of the front and back
legs near the application of the seat belt loads which can be seen in Figure 5.1. Ignoring artificial
stress concentrations imposed by the constraints in the assembly that do not model real-world
conditions, the maximum stress in the system occurs in the legs above the seat belt attachment
bracket with a Von Mises Stress of approximately 361 MPa. The stress induced in the system is
between the yield and ultimate stress of the material indicating plastic deformation without
failure.
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Figure 5.1 Case 1 - Von Mises Stress

The portion of the front leg above the seat belt attachment bracket undergoes the largest
plastic strain due to the seat belt loads as shown in Figure 5.2. Additional plastic strain occurs at
the connection of the legs with the bottom cross members. Permanent deformation of the front
leg occurs due the high load applied at the seat belt location.
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Figure 5.2 Case 1 - Plastic Strain

5.2

Case 2
For Case 2 the same longitudinal load that was applied in Case 1 but in the reverse direction

to simulate the inertial loading of the passenger on the seating system in a rear end collision event.
The stress induced in the system is much less than Case 1 with more localized stress occurring at
the locations where the main frame and seat back connect to the slide rail. The stress around this
area occurs between 200-300Mpa as shown in Figure 5.3 indicating plastic strain occurs around
this area.
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Figure 5.3 Case 2 - Von Mises Stress

Bolts provide the connection between the slide rail and seat back and main frames, which
were simulated using beam connections. The rigid nodal connection creates artificial high stress
and therefore high plastic strains in the region surrounding this area. However, sufficiently far
away (approximately 5 elements) the stresses and strains can more accurately simulate the realworld conditions. Ignoring the high strains in the connection locations, the plastic strain in the
system is negligible for this loading case as seen in Figure 5.4.

80

Figure 5.4 Case 2 - Plastic Strain

5.3

Case 3
For Case 3 a load was applied in the rear ward longitudinal direction in the center of the

top cross member in order to simulate the inertial loading caused by a passenger during normal
vehicle accelerations. Ignoring artificial stress concentrations, a Von Mises stress of
approximately 175Mpa occurs at the connection between the front and rear legs, as well as near
the top of the seat back frame where the load was applied shown in Figure 5.5. The resultant
stress is less than the yield stress in the material; therefore, no plastic strain is induced in the
system as shown in Figure 5.6.
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Figure 5.5 Case 3 - Von Mises Stress
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Figure 5.6 Case 3 - Plastic Strain

5.4

Case 4
The dynamic event modeled in Case 4 was to simulate the vehicle crashing head on into a

rigid barrier while traveling at 48km/hr and loaded with a 50th percentile adult male. The
deceleration occurs over a span of 0.125s with the peak deceleration occurring half way at 0.0625s.
The deformation in the system over time can be seen in Figure 5.7 Case 4 - Time Dependent
Deflection.
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(a) t=0.0s

(b) t=0.03125s

(c) t=0.0625s

(d) t=0.09375s

Figure 5.7 Case 4 - Time Dependent Deflection (Scale Factor=10)
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(e) t=0.125s

Throughout the acceleration curve large stresses are apparent throughout the model. Due
to the kinematics of the seating assembly, the location of maximum stresses changes throughout
the dynamic event. The constraints between the point mass and seat butt create large artificial
stress concentrations in the seat butt at the constraint nodes; in reality, the load from passenger
would be dispersed throughout the seat butt over a larger area. Therefore, these high stress areas
are ignored. The maximum Von Mises stress occurs at time t=0.0625s when the deceleration is
highest. Large stresses occur in the frame at the location of the connections between the slide rail
and main frame as well as the connection between the swing arm brackets, main frame and seat
butt frame as seen in Figure 5.8.

Figure 5.8 Case 4 - Von Mises Stress
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From time t=0.0625s to t=0.125s the load is steadily transferred to the seat butt accounting
for the rotation of the “passenger” about the seat belt attachment point. Stresses continue to
propagate in the swing arm, swing arm attachment brackets as well as the connection locations
between the swing arm attachment bracket and frames. However, stresses do not exceed
approximately 250Mpa.
The rapid deceleration of the system causes large stresses throughout the system; the
stresses are regularly above the yield point of the material indicating plastic strain in the system.
The resultant plastic strain in the system is the result of the cumulative loading that occurs in the
system causing the strain to steadily increase over time resulting in the highest plastic strains
occurring at time t=0.125s. The highest regions of plastic strain are at the connection location
between the swing arm attachment brackets and the main frame as shown in Figure 5.9 and
Figure 5.10.
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Figure 5.9 Case 4 - Plastic Strain
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Figure 5.10 Case 4- Location of Maximum Plastic Strain

The geometry of the seating system used in the FEA model is symmetric about the X-Y plane;
with loading applied symmetrically about the same plane; in theory, the resulting stresses and
strains will be symmetric as well. However, upon close inspection of the stresses in the seating
system, the stresses at the swing arm attachment brackets are not symmetric as can be seen in
Figure 5.11. This can be attributed to a number of possible factors including asymmetrical
meshing of a symmetrical part can result in regions of higher or lower stiffness resulting in
asymmetrical deformation and stresses for a symmetrical part with symmetrical loading. Overall,
the resulting error is small and is applied to local areas in a part.
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(a) Swing Arm Bracket Left Side

(b) Swing Arm Bracket Right Side

Figure 5.11 System Symmetry

5.4.1

Case 4 – Reaction Forces
The locking mechanism and linear slide rails control the motion of the system and play

an important role in keeping the passenger safe in the event of a crash. Both the locking
mechanism and slide rails need to be designed to adequately handle the loads that occur during
a crash to prevent catastrophic failure. The reaction forces at the front and back legs obtained
from the simulation can be seen in Figure 5.12 and Figure 5.13 and will be used to adequately size
all components used in these frames.
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Figure 5.12 Reaction Force-Front Leg
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Figure 5.13 Reaction Force - Back leg
The slide rails used in the design of the seating system are rated to a maximum capacity of
934N (210lbs) in the vertical direction, which still allows the slide rail and carriage to function,
according to the manufacturer. In the dynamic loading case the maximum vertical force (Y
direction) is approximately 8,600N (1933lbs), much higher than the rated capacity of the slide rail.
Plastic deformation of the rails can occur at the location of the feet but catastrophic failure would
occur if the slide rails fail and the seat assemblies become detached from the slide rail and floor
assembly. Additionally, the locking mechanism locks the motion of the seat assembly from
moving in the X direction. The maximum loading in the X direction is approximately 2,900N
(651lb) indicating that the locking mechanism must be rated to handle at least 2,900N without
failure.
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6

CONCLUSION

Design at any level is an iterative process; for seating systems to be used in transit
applications there are a number of important parameters used to design new seating systems
including: user interface, ergonomics, cost, and structural adequacy. Quasi-static and dynamic
load testing must be completed to verify the seating system meets the structural requirements
outlined by the federal safety standards. This process can be costly and time consuming; using
FEA the designs can be analyzed quickly allowing for rapid design alterations, reducing lead time
and cost between the initial designs to implementation.
This thesis focused on verifying the seating system developed by the Adjustable Seating
Systems senior project group meets the structural safety standards using finite element analysis.
The main structural components modeled in the FEA simulation proved adequate strength to
meet the required safety standards. The maximum stress in the main structural components of
the seating system induced from the four different loading conditions remained between the yield
and ultimate stress of the material, indicating plastic deformation without failure due to fracture.
Plastic deformation is beneficial in absorbing the kinetic energy that occurs during a crash event,
helping to protect the passenger and does not represent a failure of the system.
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7

RECOMMENDATIONS

The model analyzed in this thesis included only the main structural components, to better
ensure structural adequacy and passenger safety additional work can be completed. Using the
data from the simulations, including reaction forces, sub-models of the parts not modeled in this
thesis can be analyzed for the same strength requirements. Additionally, a more detailed model
including the foam in the cushions, seat belt assembly and a 50th percentile dummy can be
modeled to verify the safety of the passenger in the event of a head on collision with a rigid
barrier.
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